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Abstract 
An adaptive control algorithm of a fast electromagnetic actuator has been developed without using position, velocity, or 
acceleration sensors. The algorithm is based on the fluctuation rate of the current in the electromagnet coil, which is measured 
during anchor movement. The proposed method and control algorithm compensate for external mechanical factors and are based 
on the interconnection of electric processes in the electromagnetic actuator coil, with mechanical processes relating to the 
movement of the movable element of the magnetic system. A structural diagram of a hardware device and an algorithm that 
implement the proposed control method are presented for a resonance type electromagnetic actuator, where there is a current 
change in the coil of the electromagnetic actuator. At each switching of the drive, parameters are controlled, and the length of 
pulse-width-modulated pulses is adjusted to ensure reliable switching and regulation of the anchor end. The control system 
responds to the disturbance in the current switching cycle. To test the adequacy of the proposed algorithm, an experimental 
model of an actuator with the proposed control system has been constructed, and its characteristics have been studied. It has been 
found out that the proposed algorithm ensures the required performance in terms of the operation speed and the lowest speed of 
the anchor landing without using position, velocity or acceleration sensors under external mechanical effects. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The development of algorithms for the control system of an electromagnetic actuator (EMA) valve system air–gas 
exchange and fuel supply of combustion engines has been described in the literature [1–7]. Existing systems and 
methods of control that provide the required dynamic characteristics under the effects of external factors involve the 
use of specialized sensors (e.g., sensors of position, speed, and magnetic flux), which increases the system 
complexity, weight, size and cost and reduces the reliability of the system as a whole. A method of controlling a 
quickly moving actuator for air impulse charging, providing the minimum landing speed of the anchor at a 
predetermined switching time without the use of specialized position and velocity sensors, has been presented [8]. 
The drawback of this method is that the control system responds to a disturbance only in a subsequent switching 
cycle. 
2. Problem definition 
The present paper proposes an adaptive algorithm based on the rate measurement of current change in the coil 
EMA during anchor movement. This control method can be used to build control systems with electromagnetic 
actuators, allowing compensation of external factors [9]. These include the ambient temperature and external 
variable loads on the actuator and speed control of the anchor at the end of the armature stroke. A further advantage 
of the method is the compensation for slow switching, external effects (ambient temperature and the heating of the 
element of the electromagnetic actuator) and random mechanical action (e.g., vibration) affecting a movable element 
of the actuator during current switching. There is no need for specialized position, velocity or acceleration sensors of 
the movable actuator member, which would introduce additional load forces. Control is achieved with only current 
and voltage sensors, which greatly improves the durability and reliability of the electromagnetic actuator in general.
3. Main part 
4. The proposed method is based on the relationship of electrical processes in the coil of the electromagnetic actuator 
with mechanical processes resulting from the movement of the movable element of the magnetic system (Fig. 1) 
[10]. Permeance of the air gap changes when there is an anchor movement and thus a change in the magnetic flux 
therein, resulting in a change in the magnitude of the current in the winding at constant voltage supplied to the coil 
U1 given by: 
dt
dRiU < 1 , (1) 
where i is the current, R is the active resistance of the coil, and Ȍ is the flux linkage of the coil. 
Fig.1. The electromagnetic actuator of resonance type with a symmetrical four-pole rotary anchor: 1 - a laminated magnetic core; 2 – coil of 
control; 3 - a laminated salient-pole anchor; 4 - a torsion spring 
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In accordance with Eq. 1 during the motion of the anchor in the electromagnet coil than EMF of the self-induction 
Ei, and occurs EMF of movement Eĳ its value depends on the speed of the armature of the electromagnet: 
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where Ei is the EMF of self-induction, Eĳ is the EMF of movement, Ȍ is the flux linkage of the coil EMA, and ĳ 
is the angular displacement of the movable part of the EMA. 
Equation 2 reveals that the EMF of movement, as well as the EMF of self-induction, affects the current and hence 
the mechanical force generated by the electromagnet. The implementation of control algorithms thus requires the 
generation of current i(t) in the coil of the electromagnet with the characteristic illustrated in Fig. 2. For a new cycle 
of switching in the holding coil in the time interval tL, the holding current Ih is turned off and falls to zero. To reduce 
and stabilize the pick-up time ta, a negative current pulse is generated in the holding coil (interval tN). A pause in 
current for time tA is needed to eliminate the possibility of counteracting the effect of the electromagnetic force 
acting on the anchor EMA generated by magnetic flux picked up by the coil. At each switch of the actuator, it is 
necessary to adjust the time interval tA to account for changes in the parameters of the drive under the effects of 
temperature and slowly changing external mechanical factors. 
 
 
Fig. 2. The description of the control method 
574   A.V. Pavlenko et al. /  Procedia Engineering  129 ( 2015 )  571 – 577 
 
Because EMA valve systems used in the air impulse charging and fuel supply of internal combustion engines are 
required to have high performance (a response time of about 5 ms), a rapid increase in current (magnetic flux) in the 
time interval tF1 is required to force inclusion. 
In the time interval tF2, to pick up the coil, by pulse width modulation from the power supply generated value of 
the current pick-up IF2. The end of the time interval tF2 is the time at which the first derivative of the current (di/dt)1 
in the coil is picked up. The value of the first derivative characterizes the position and speed of the anchor and is 
determined as 
.
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At time interval tF3, picks coil is put mode of circulating current (short-circuited coil terminals) and the value of 
the first derivative of the current with respect to time is determined by the moment that the anchor approaches the 
pole of the electromagnet in accordance with 
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at the maximum angle of rotation ĳ = ĳmax. 
For reliable pick-up and holding of an anchor at the pole, with the possible effects of external shock, an impulse 
of current IF2 is generated in the holding coil in the time interval tF4, ensuring that the anchor is held. 
During switching, the EMA controls the current derivatives (di/dt)1 and (di/dt)2, the moving time tb and executed 
adaptation of the timing phase of uncontrolled movement tA and the current pick-up IF2 at I(tF3) and (tF1 + tF2 + tF3) 
= const, in accordance with 
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here I'(tF3) is the holding current in the previous switching cycle and (tF1 + tF2 + tF3)' is the duration of the phase 
controlled motion in the previous switching cycle. 
Thus, at each switching monitored parameters of the electromagnetic actuator and corrects the parameters of the 
pulse width modulated (PWM) pulses to realize reliable switching and regulation of the end speed of the anchor. It 
should be noted that the control system responds to the disturbance in the current switching cycle. 
The initial parameters of the adaptive control algorithm (Fig. 2) determined according a method based on the 
solution of differential equations of motion resonance EMA for the target values of t, Ȧ, ĳ, which are determined by 
the desired characteristics of coil current [11]. 
Figure 3 is a block diagram of a device implementing the method of controlling the electromagnetic actuator 
resonance type using the characteristics of change in current in the coil for a one-wire EMA of resonance type [12]. 
The modes of operation of the device are as follows. 
1. Generation of high-voltage U2 for the forced switching of a short-term method of connecting the solenoid coil 
to the power source U1 at U2 less than the required value (T1—open, T3—briefly opens, T2 and T4—closed). 
2. The mode of fast transfer inductive power of the coil (interval tL). Transistor switches T2–T4—closed, T1—
open. There is charge capacitance C2, and the coil current decreases to zero. 
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3. The mode of formation of reverse current (interval tN). Open switch T4 provides resonant overcharge of 
capacitor C2. 
4. The mode of uncontrolled movement of the anchor (interval tA). Transistor switches T1–T4—closed. There is 
no coil current. 
5. Forced power on (interval tF1). Transistor switches T2–T3—open, T1 and T4—closed. High voltage U2 is 
applied to the coil of the EMA. 
6. Time control closer to the pole of the anchor (interval tF2). T2 and T4 - closed, T1 - open, T3 - controlled PWM 
pulses that achieve the desired current in the coil IF2. The interval ends when 
1
¸
¹
·¨
©
§ 
dt
di
dt
di . 
7. Control of the contact anchor at the pole (interval tF3). Switches T1 and T3 - closed, T2 and T4 - open. Current is 
circulated in the coil.  Conditions completion interval: 
2
¸
¹
·¨
©
§ 
dt
di
dt
di . 
8. The mode of capturing and holding the anchor EMA (interval tF4). Switches T2 and T3—open, T1 and T4—
closed. The forced voltage U2 is applied to the coil. When transistor switch T2 closes and T1 opens, T3 controls the 
PWM pulses to achieve the desired current in the coil IF3. Next, holding current Ih is generated. Switch T4 closes if 
U2 is greater than a predetermined value, and then T2 opens and T1 closes; otherwise, T1 is open and T2 is closed. 
Switch T3—controlled pulse width modulation for a given current Ih in the coil of the EMA. 
 
Fig 3. Block diagram of a power circuit for the control method, Ri - current sensor; T - power metal–oxide–semiconductor field-effect 
transistor switches; EMA - electromagnetic actuator 
 
For the experimental investigation of the proposed method of management and determination of the dynamic 
characteristics of a mechatronic actuator, we designed and manufactured a hardware and software system for an 
internal combustion engine. Figure 4 is a structural and functional diagram of the hardware and software system. 
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Fig. 4 - Structural and functional diagram of the hardware and software system: PS—power supply; CPU—control unit; SW—the power 
converter; CS—current sensor; EMA—electromagnetic actuator; PC—personal computer; PS—position sensor; SS—speed sensor; Osc—
oscilloscope 
 
5. Conclusion 
The experimental investigation confirmed the adequacy of the developed control algorithm. Tests showed that 
the application of the proposed control algorithm realizes a final landing speed of the anchor lower than 0.4 m/s and 
a switching time of about 3.6 ms (Fig. 5) under the effect of external disturbances. The proposed control algorithm 
of the electromagnetic actuator for air impulse charging of an internal combustion engine thus achieved the required 
performance of the switching speed and the minimum landing velocity of the anchor without the use of position, 
velocity or acceleration sensors in the presence of external disturbances. 
 
 
Fig. 5 - Experimental characteristics of the current and the speed of movement of the anchor EMA 
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